Introduction {#S0001}
============

Chemotherapy is considered a conventional therapeutic intervention in cancer patients. Cisplatin (Cis-Pt) is one of the most popular chemotherapeutic agents, interfering with DNA and cellular proliferation.[@CIT0001],[@CIT0002] Cis-Pt is indicated in different cancers, such as lung, breast, ovary, head and neck, and testicles.[@CIT0003] Despite their effectiveness, platinum(II) compounds have several therapeutic challenges, such as drug resistance and adverse drug effects.[@CIT0004] Therefore, several studies have focused on the potential use of nanotechnology for the delivery of anticancer agents to improve their therapeutic effect and reduce related side effects. An ideal drug carrier should have several properties, such as high loading capacity, biocompatibility, and a controlled drug-release profile at the biological target site. Many carriers, such as hydrogels[@CIT0005] and polymeric,[@CIT0006] lipidic,[@CIT0007] peptide,[@CIT0008] and carbon based materials,[@CIT0009] have been introduced. Also, different types of inorganic nanoparticles have been used for Cis-Pt delivery, including gold nanoparticles,[@CIT0010] metal--organic frameworks,[@CIT0011] and porous and nonporous silica nanoparticles.[@CIT0012]

Due to their unique properties, such as magnetic susceptibility, biocompatibility and ability to modify surface functionalization,[@CIT0013] iron oxide magnetite nanoparticles are of great interest for various biomedical applications, including usage in magnetic hyperthermia,[@CIT0014] magnetic resonance imaging (MRI),[@CIT0015] photoacoustic imaging,[@CIT0016] photodynamic therapy,[@CIT0017],[@CIT0018] photo-thermal therapy,[@CIT0019] biological detection,[@CIT0020] magnetic bio-separation,[@CIT0021] etc. Magnetic iron oxide nanoparticles can reduce transverse relaxation time, known as T~2~, by producing an inhomogeneous magnetic field around the outer shell, which results in negative MR images. As such, area around the magnetic nanoparticles becomes darker.[@CIT0022] For magnetite nanoparticles to be used in biomedical applications, several properties, such as small dimensions, homogeneity, superparamagnetism, and chemical and colloidal stability, are generally required. For surface functionalization, they are usually coated with certain biocompatible materials, such as polymers, silica, carbon, and surfactants, or small molecules, such as citric acid (CA), and fatty acids.[@CIT0023]--[@CIT0025] The nature of coating material is the key factor in certain cases where it can form hydrogen bonds. In such situations, surface modification can reduce particle aggregation and increase magnetite nanoparticle stability. The coating can also reduce leaching of core materials,[@CIT0026] which play a significant role in retarding clearance by the reticuloendothelial system in vivo. Among the shell materials, silica acts as an inert layer, which improves the physical stability of nanoparticles in aqueous medium. Furthermore, mesoporous silica nanoparticles (MSNs) are a highly promising material, due to large surface area, biocompatibility, tunable pore size, and surface-functional groups for bioconjugation with anticancer drugs and targeting ligands. With a variety of functional groups such as carboxylic acid and amines, MSNs have been proposed as Cis-Pt carriers. Carboxylic acid--functionalized MSNs exhibit pH- and salt-induced Cis-Pt release.[@CIT0025],[@CIT0027] Amino-functionalized MSNs show higher loading capacity than those functionalized with carboxylic acid, but retained and do not release a considerable amount of the loaded drug, possibly due to strong interactions between Cis-Pt and amino groups.[@CIT0028] On the other hand, platinum can coordinate with the imidazole group, as reported for a series of cytotoxic platinum dichlorocomplexes[@CIT0029],[@CIT0030] and imidazolefunctionalized SBA15 for solid-phase microextraction.[@CIT0031] Therefore, we aimed to employ a new synthesis approach to generate imidazoline (Imi) functionality (with less basicity than aliphatic amines) on the pores of magnetic mesoporous silica hybrid nanoparticles. It was proposed that Cis-Pt molecules can be immobilized by the formation of coordination complexes, as similarly shown for various transition-metal ions that reversibly interact with nitrogen containing functional groups, such as amines and imidazole.[@CIT0031]--[@CIT0034] Interestingly, protonation of the Imi ring (imine nitrogen pKa 6.9) in an acidic tumor microenvironment can weaken Cis-Pt interaction, and consequently pH-sensitive drug release can be attained ([Figure 1](#F0001){ref-type="fig"}). In addition, magnetic mesoporous silica hybrid nanoparticles not only can load and release Cis-Pt in a controlled manner but can also act as a contrast agent for dual imaging and therapy (theranostic) application. Therefore, T~1~- and T~2~-weighted MR images were investigated to assess the applicability of these particles as contrast agents. Finally, cell-proliferation and dual-staining experiments were used to exhibit the feasibility of using these hybrid nanoparticles as therapeutic agents in ovarian cancer cells.Figure 1Schematic representation of the preparation of magnetic mesoporous silica nanoparticles functionalized with TIP (MMSN-Imi) for subsequent loading and release of aquated cisplatin.

Methods {#S0002}
=======

Materials {#S0002-S2001}
---------

Ferric chloride hexahydrate (98%), ferrous chloride tetrahydrate, and triethoxy-3-(2-imidazoline-1-yl)propylsilane (TIP; 97%) were purchased from Sigma-Aldrich (USA). Ammonia solution (25%), ethanol (98%), CA (Ph Eur), tetraethyl orthosilicate (TEOS, 98%), cisplatin (Cis-Pt), dimethylformamide, toluene, tetrahydrofuran, acetic acid, sodium acetate, sodium chloride, potassium dihydrogen phosphate, and dipotassium hydrogen phosphate were supplied by Merck (Germany). Hexadecyltrimethylammonium bromide (CTAB) was purchased from Daejung Chemicals (South Korea). All chemicals were of reagent grade and used as received.

Synthesis of Fe~3~O~4~ Nanoparticles {#S0002-S2002}
------------------------------------

Fe~3~O~4~ nanoparticles were prepared based on methodologies described in our earlier work, but with minor modification.[@CIT0035] In brief, 50 mL FeCl~2~.4 H~2~O (1.35 g) and FeCl~3~.6H~2~O (3.68 g) was prepared with deionized water, then transferred to a three-necked flask and temperature gradually increased to 80°C in reflux condition under a nitrogen atmosphere. To prevent the development of large polycrystalline particles, the reaction mixture was vigorously stirred and pH adjusted 10--11 by adding NH~4~OH (25 wt%). After 2 hours, the product was capped by adding 4 mL 0.5 g/mL CA solution, the reaction temperature raised to 90°C, and the reaction continued for 1 hour while stirring.[@CIT0035] Black precipitates were obtained by cooling the reaction mixture to room temperature, which was then thoroughly rinsed with deionized water. During each rinsing step, samples were separated by magnetic decantation. Fe~3~O~4~ stabilized with CA is abbreviated as Fe~3~O~4~-CA.

Synthesis of Imidazole-Functionalized Magnetic Mesoporous Silica {#S0002-S2003}
----------------------------------------------------------------

Synthesis of magnetic MSNs (MMSNs) with uniform particle-size distribution was accomplished using the sol--gel technique. Typically, 2×10^−4^ mol Fe~3~O~4~-CA nanoparticles were dispersed in 200 mL deionized water under bath ultrasonication for 30 minutes. Subsequently, 0.4 g CTAB was added to each Fe~3~O~4~-CA dispersion with vigorous stirring for 1 hour. Then, 0.234 mL TEOS was dissolved in 60 mL ethanol and added to the reaction medium dropwise in two steps with a 5-hour interval. Then, the resulting suspension was magnetically separated and washed with 20% ethanol three times to separate unreacted TEOS and ammonia.[@CIT0036] Finally, the pore-generating agent (CTAB) was removed by an ethanolic solution of ammonium nitrate (NH~4~NO~3~, 6 g/L, 60 mL) under reflux at 60°C for 2 hours. Following magnetic separation and washing, the product was dried in an oven at 110°C for 72 hours. The experimental reaction yield of 68%±4% was obtained for three separate batches of MMSNs. Then, 100 mg of the product sample was refluxed in 20 mL anhydrous toluene with TIP for 20 hours for surface functionalization with the Imi groups.[@CIT0031] MMSN-Imi were collected and washed with anhydrous toluene three times and then dried in an oven at 110°C to remove the solvent.[@CIT0037]

Loading of Cisplatin {#S0002-S2004}
--------------------

To increase the reactive concentration of Cis-Pt in aqueous solution, chloro-ligands of the Cis-Pt were replaced by aqua-ligands. Briefly, Cis-Pt was suspended in water and mixed with AgNO~3~ (\[AgNO~3~\]/\[Cis-Pt\]=2). The solution was kept in the dark at 37°C for 24 hours. Then, AgCl precipitates were removed by centrifugation for 20 minutes at 12,000 rpm. The supernatant containing highly water-soluble Cis-Pt derivative was then diluted to 0.1 mg/mL by adding double-distilled water. Cis-Pt loading was achieved by direct addition of the MMSN-Imi samples (2 mg) to 1 mL Cis-Pt solution while shaking at 37°C in the dark for 24 hours. Unloaded aqua-ligands were separated by centrifuging at 12,000 rpm for 20 minutes. Supernatant analysis was carried out by inductively coupled plasma atomic emission spectroscopy for platinum concentration. The adsorption capacity of drug (q), drug loading (DL%), and loading efficiency (LE%) were calculated:[@CIT0038]
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where *C*~0~, *C*~e~, V, and *m* stand for the concentration of Cis-Pt added to the medium, equilibrium concentration of Cis-Pt, and medium volume and amount of the adsorbent MMSN-Imi, respectively. *W*~0~ and *W*~u~ denote the respective amounts of Cis-Pt added and the unloaded drug calculated from free Cis-Pt concentration at equilibrium.

Cis-Pt--adsorption isotherms were calculated for MMSN-Imi at different drug:particle mass ratios 0.025--1. To investigate the Cis-Pt--adsorption mechanism on MMSN-Imi, data were fitted to different mathematical models: Dubinin--Raduskevich, Langmuir, Freundlich, and Temkin. The Langmuir isotherm ([Equation 4](#M0004)) assumes monolayer adsorption on a surface containing a finite number of uniform sites. Each independent adsorbate exhibits fixed and equal adsorption energy, and any steric hindrance or side-by-side connection between the adsorbed molecules is not allowed:[@CIT0039]
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where *q* (mg/g) and *q*~*m*~ (mg/g) are the mass of adsorbed Cis-Pt per unit weight of MSN-Imi and maximum uptake per unit mass of MSN-Imi, respectively. *C*~*e*~ (mg/L) is the free equilibrium concentration of adsorbate in the solution and *K*~*l*~ (L/g) the Langmuir constant, which is related to the adsorption energy. The Freundlich isotherm ([Equation 5](#M0005)) is used to describe multilayer adsorption into heterogeneous surfaces. It assumes exponential distribution of adsorption sites and energy:[@CIT0040]
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where *K~f~* and *n* (dimensionless) are the Freundlich constant and experimental parameters related to adsorption intensity. The Temkin isotherm ([Equation 6](#M0006)) assumes heterogeneous adsorption such that energy of the adsorption layer decreases as adsorption by layer increases in a linear relationship (very low or high concentrations are neglected):$$\documentclass[12pt]{minimal}
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where *b* is the Temkin constant, which is related to sorption heat (Jmol^−1^), and *K*~*T*~ the Temkin isotherm constant (Lᐧg^−1^). The Dubinin--Radushkevich isotherm ([Equation 7](#M0007)) is a semiempirical equation in which adsorption follows a pore-filling mechanism.[@CIT0041] It assumes Gaussian energy distribution onto heterogeneous surfaces:
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where Q~s~ is theoretical isotherm saturation capacity (mg/g), *K*~*D*~ the Dubinin--Radushkevich isotherm constant (mol^2^/J^2^), and *ε* the Dubinin--Radushkevich isotherm constant. Isotherm parameters were computed by linear transformation of the experimental results. The correlation coefficient (*R*^2^) was also used to determine the best-fitting adsorption isotherm to the experimental data.

Kinetics of Cis-Pt Release {#S0002-S2005}
--------------------------

To evaluate in vitro drug-release kinetics, 2 mg Cis-Pt--loaded MMSN-Imi samples were dispersed separately by bath sonication for 10 seconds in PBS (pH 7.4) or acetate buffer saline (pH 5), dispensed in 2 mL microtubes, and were placed in a tube-revolver rotating mixer at 37°C in the dark. Samples were withdrawn at fixed time intervals, followed by measurement concentration of Cis-Pt with inductively coupled plasma atomic emission spectroscopy. Drug-release data were fitted with different mathematical models --- including zero-order, first-order, Higuchi, and Korsmeyer--Peppas --- for further investigation of the drug-release mechanism.

Hemolysis Assays {#S0002-S2006}
----------------

Hemolysis assays were performed to investigate the effect of surface chemistry and protein corona of the hybrid nanoparticles on lysis of human red blood cells.[@CIT0042] Briefly, 5 mL whole human blood was obtained according to the standard operating procedure approved by the Institutional Review Board of the Iran Blood Transfusion Organization for venous blood collection, treatment, and disposal from a healthy volunteer who had read and signed written informed consent. Then, the blood was transferred to a sterile microtube containing 200 μL 50 mg/mL EDTA, centrifuged at 800 *g* for 10 minutes at 4°C, the serum layer removed, and the remaining red blood cells pooled and washed five times with isotonic PBS. MMSN-Imi were dispersed in PBS by ultrasonication at various concentrations --- from 50--1,000 μg/mL. Subsequently, 22 μL 10× diluted red blood cells were incubated with 200 mL dispersed particles. After 2 hours\' shaking (Orbital shaker, 100 rpm) at 37°C, the mixtures were centrifuged at 200 *g* for 10 minutes and UV-vis absorbance of the supernatants determined at *λ*=540 nm. To investigate the possible role of serum-protein adsorption on hemocompatibility, the particles were incubated in isolated human blood serum for 30 minutes at 37°C, then were centrifuged and washed three times with PBS. Protein corona--coated MSNs (MMSN-Imi-PC) were dispersed in PBS and using ultrasound probe at power of 10% for 2 minutes, and the hemolysis assay was repeated according to the described method. The percentage of hemolysis was determined:
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where *A*, *A*~0~ and *A*~*max*~ are the respective absorbance of samples and negative (isotonic PBS (pH= 7.4) and positive (double-distilled water) controls.

In Vitro Cytotoxicity {#S0002-S2007}
---------------------

Cytotoxicity of free Cis-Pt, MMSN-Imi, and MMSN-Imi-Cis-Pt was evaluated against A2780 human epithelial ovarian carcinoma cells (obtained from the Pasteur Institute of Iran) using MTT assays. Cells were cultured in 96-well microplates at a density of 10^−4^ cells per well in RPMI 1640 supplemented with 10% (v:v) FBS at 37°C in a humidified incubator with 5% CO~2~. After incubation for 24 hours, the culture medium was discarded and the cells treated with 100 μL of each sample prepared in complete culture medium by serial dilution. Cis-Pt concentration was set to 1--100 μg/mL. After 48 hours, the culture medium was aspirated, the MTT reagent (0.5 mg/mL) immediately added, and the plates incubated for 4 hours. Upon removal of the MTT solution, the purple formazan crystals were dissolved in 100 μL DMSO, and absorbance was read at 570 nm with reference wavelength of 650 nm using a microplate reader (BioTek, USA).

Dual AO--PI Fluorescence Staining {#S0002-S2008}
---------------------------------

Dual acridine orange (AO)--propidium iodide (PI) cell staining was used to visualize nuclear changes and apoptotic body formation following treatment of cells with each sample. For this purpose, A2780 cells were cultured with RPMI 1640 complete medium on coverslips in six-well plate (2×10^5^ cells per well) for 48 hours. Then, the medium was removed and cells treated with MMSN-Imi, MMSN-Imi--Cis-Pt, and free Cis-Pt for a further 48 hours, media removed, and cells were incubated with 1 mL AO--PI staining solution for 30 minutes. Stained cells were visualized under fluorescent microscopy to assess apoptotic and necrotic morphological changes.[@CIT0043]

MRI Studies and Relaxometric Properties {#S0002-S2009}
---------------------------------------

To determine T~1~- and T~2~-weighted MRI contrast effects of MMSN-Imi, different concentrations of MMSN-Imi (containing 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6 mM Fe) were dispersed in deionized water at 20°C by ultrasonication and relaxation times were analyzed by 1.5 T MRI (Magnetom Avanto, Siemens), as reported elsewhere.[@CIT0044] Briefly, T~2~-weighted images were captured at a predefined spin-echo sequence with repetition time of 1,600 ms and echo times of 10, 43, 75, and 107 ms under field of view 238, turbo factor 18, and slice thickness 7.5 mm. Similarly, T~1~-weighted images were acquired at the predefined repetitions of 100, 1550, 3,150 and 4,750 ms and echo time of 18 ms.

Results and Discussion {#S0003}
======================

FT-IR Spectra Analysis {#S0003-S2001}
----------------------

To confirm the presence of silica and Imi on the surfaces of coated magnetic nanoparticles, Fe~3~O~4~-CA, MMSN, and MMSN-Imi were characterized by FT-IR spectroscopy. As shown in [Figure 2A](#F0002){ref-type="fig"}, all samples showed wide peaks at around 3,400 cm^−1^, which was related to O--H stretching. The IR spectrum of the Fe~3~O~4~-CA sample showed two signals that appeared at 578 cm^−1^ and 1,396 cm^−1^, attributed to Fe--O bonds and C--O stretching of CA carboxylate groups. Wide bands of Si--O--Si vibration appeared at 1,074 cm^−1^ for silica-coated particles (MMSN and MMSN-Imi). Also, MMSN and MMSN-Imi showed two small adsorption peaks at 2,881 cm^−1^ and 2,935 cm^−1^ that corresponded to C--H stretching of the alkyl chain. For MMSN-Imi, two characteristic signals appeared at 1,658 cm^−1^ and 1,442 cm^−1^, which corresponded to C=N and C--C stretching in the Imi ring.Figure 2(**A**) FTIR spectra of Fe~3~O~4~-CA, MMSN, and MMSN-Imi; (**B**) XRD patterns of as-prepared Fe~3~O~4~-CA, MMSN and MMSN-Imi; (**C**) nitrogen adsorption--desorption isotherm (inset BJH pore-size distribution of MMSN-Imi); (**D**) magnetic hysteresis curves of magnetic nanoparticles; EDX spectra of Fe~3~O~4~-CA (**E**) and MMSN-Imi (**F**).

X-Ray Diffraction Analysis {#S0003-S2002}
--------------------------

The crystalline structure of the magnetic nanoparticles was investigated before (Fe~3~O~4~-CA) and after silica (MMSN-Imi) coating, using X-ray diffraction (XRD). As shown in [Figure 2B](#F0002){ref-type="fig"}, Fe~3~O~4~-CA exhibited a series of characteristic peaks at (111), (220), (311), (222), (400), (422), (511), and (440), which belonged to the spinel phase of Fe~3~O~4~ (Joint Committee on Powder Diffraction Standards 894319, 19--0629).[@CIT0045] Appearance of all corresponding peaks of Fe~3~O~4~ in the XRD spectrum of MMSN-Imi indicated that the crystalline cubic spinel of the Fe~3~O~4~ structure was preserved without any change in the crystalline structure during silica coating. However, a new wide peak in the XRD spectra of MMSN-Imi was noticed at 2θ=7°--20°, which belongs to the amorphous silica shell created on the surface of Fe~3~O~4~-CA nanoparticles, as reported in the literature.[@CIT0046]

N~2~ Adsorption--Desorption Isotherm {#S0003-S2003}
------------------------------------

[Figure 2C](#F0002){ref-type="fig"} depicts an type IV adsorption--desorption isotherm following the International Union of Pure and Applied Chemistry classification, revealing the mesoporous nature of the coated silica. The adsorption isotherm clearly showed monolayer gas adsorption on the pore surface at low partial pressure, followed by multilayer gas adsorption at high partial pressure. There was no limiting adsorption of N~2~ gas at high partial pressure, suggesting the presence of macrospores.^44^This finding was in line with the wide distribution of pore size diameter (the maximum frequency was calculated at 3.26 nm). As an indication of capillary condensation in the mesoporous material, the hysteresis loop was shown on the desorption isotherm down to a partial pressure of around 0.25. The hysteresis loop belongs to the type H3 hysteresis loop, which is a characteristic of funnel-shaped pores.

Vibration Sample Magnetometry {#S0003-S2004}
-----------------------------

Magnetization curves of Fe~3~O~4~-CA, MMSN, and MMSN-Imi are compared in [Figure 2D](#F0002){ref-type="fig"}. All samples presented superparamagnetic features. The saturation magnetization value of Fe~3~O~4~-CA was 86 emu/g, which was higher than those of MMSN and MMSN-Imi (59 and 53 emu/g, respectively). This can be due to the formation of a magnetic dead layer on the surface of Fe~3~O~4~-CA after silica coating. A slight decrease in saturation magnetization of MMSN-Imi (approximately 6 emu/g) can be due to immobilization of TIP on the MMSN surface and diamagnetic nature of the silica shell.[@CIT0047]

Energy-Dispersive X-Ray Analysis {#S0003-S2005}
--------------------------------

Energy-dispersive X-ray (EDX) spectra of the Fe~3~O~4~-CA and MMSN-Imi revealed the elemental composition of each sample. Unlike Fe~3~O~4~-CA, which only presents the existence of C, O, and Fe atoms ([Figure 2E](#F0002){ref-type="fig"}), the EDX spectrum of MMSN-Imi ([Figure 2F](#F0002){ref-type="fig"}) consists of C, N, O, Si, and Fe atoms. As expected, the presence of Si and N atoms confirmed the coating of Fe~3~O~4~-CA with silica and immobilization of Imi on the surface of MMSN. [Table 1](#T0001){ref-type="table"} presents the percentage of Fe, Si, N, C, and O in Fe~3~O~4~-CA and MMSN-Imi.Table 1Elemental EDX data for Fe~3~O~4~-CA and MMSN-ImiFe (%)Si (%)C (%)O (%)N (%)Fe~3~O~4~-CA52.6±2.7---12.1±2.230.8±2.7---MMSN-Imi6.4±1.18.7±1.027.2±2.251.2±2.17.4±0.2

Scanning Electron--Microscopy Analysis {#S0003-S2006}
--------------------------------------

Size and surface morphology of the nanoparticles produced were characterized by transmission electron microscopy (TEM) and field emission scanning electron (FESEM) microscopy. The FESEM image in [Figure 3A](#F0003){ref-type="fig"} shows that MMSN-Imi were spherical with overall size of 50--140 nm. Also, uniform discrete particles of average size 98 nm and magnetic cores are shown in the TEM image of MMSN-Imi ([Figure 3B](#F0003){ref-type="fig"}).Figure 3(**A**) FESEM and (**B**) TEM of MMSN-Imi.

Dynamic Light Scattering {#S0003-S2007}
------------------------

Hydrodynamic diameters of the nanoparticles were determined by dynamic light scattering. [Figure 4, A--D](#F0004){ref-type="fig"} shows both frequency distribution and cumulative particle-size distribution of Fe~3~O~4~-CA, MMSN and MMSN-Imi, respectively. Mean size (intensity diameter) and polydispersity index (PDI) values varied among the samples: Fe~3~O~4~-CA 10±1.2 nm, PDI 0.22, MMSN 100±11 nm, PDI 0.25, MMSN-Imi 121±10 nm, PDI 0.25, human serum--protein adsorbed MMSN-Imi (321±18 nm, PDI 0.23). The histograms show a unimodal Gaussian distribution for all samples. As was expected for multinuclear core--shell nanoparticles, the mean particle size of Fe~3~O~4~-CA nanoparticles increased considerably for silica-coated ones. Due to human serum--protein coating of the nanoparticles (MMSN-Imi-PC), particle size increased further, as previously reported.[@CIT0048]Figure 4Particle size-distribution of (**A**) Fe~3~O~4~-CA, (**B**) MMSN, (**C**) MMSN-Imi, and (**D**) MMSN-Imi-PC (postincubation with human-serum proteins).

Due to interactions and adsorption of some components in the cell-culture medium, such as proteins on the surfaces of nanoparticles, particle size, surface charge, and functionality of the nanoparticles can be altered.[@CIT0049] Colloidal stability of MMSN-Imi was determined in RPMI 1640 medium containing 25 mM HEPES buffer, NaCl (5.5 g/L), and sodium bicarbonate buffer (2 g/L) by dynamic light scattering. It was shown that MMSN-Imi sizes increased to 225±23 nm. It seems that addition of salts available in the cell-culture medium can influence the electrical double layer and the colloidal stability of MMSN-Imi, leading to modest particle aggregation. Moreover, surface adsorption of amino acids and proteins can be responsible for increased particle size.

ζ-Potential Measurement {#S0003-S2008}
-----------------------

ζ-potential measurements were made to infer possible changes in surface electric potential of the magnetic nanoparticles after silica coating and stability of the nanoparticles.[@CIT0050] Higher ζ-potential values, either negative or positive, are necessary to ensure stability and to avoid aggregation of particles. Fe~3~O~4~-CA, MMSN, and MMSN-Imi showed average ζ-potential of −73.6±9.8, −53.9±4.4, and −46.1±4.2 mV. Considering that ζ-potential \>30 mV or \<−30 mV indicates colloidal stability,[@CIT0051] it is suggested that MMSN-Imi can exhibit adequate stability in physiological conditions, due to high electrostatic repulsion between particles, but further investigation is warranted.[@CIT0051] Negative ζ-potentials are attributed to the surface-immobilized CAs (Fe~3~O~4~-CA) and ionized surface silica (MMSN and MMSN-Imi). The ζ-potential of protein-coated MMSN-Imi (MMSN-Imi-PC) was reduced to −37.4±5.9 mV, which was expected due to adsorption of serum proteins, such as albumin, the most abundant protein in human blood serum.[@CIT0052]

Cis-Pt Loading {#S0003-S2009}
--------------

MMSN-Imi samples were loaded with Cis-Pt using direct incubation with Cis solution at various concentrations, in order to obtain Cis-Pt--loaded particles (MMSN-Imi-Cis-Pt). DL% and LE% are shown in [Figure 5A](#F0005){ref-type="fig"}. The highest LE of 58% at drug:particle ratio of 0.5 and DL of 30% were achieved at the higher drug:particle ratio of 1, quite superior to those of other carriers reported elsewhere in the literature.[@CIT0053]--[@CIT0057]Figure 5(**A**) Drug loading (DL%) and loading efficiency (LE%) against Cis-Pt--MMSN-Imi mass ratio. Experimental drug-loading data were fitted onto (**B**) Langmuir, (**C**) Freundlich, (**D**) Temkin, and (**E**) Dubinin--Radushkevich adsorption isotherms.

The high DL% can be attributed to the pore geometry (H~3~ hysteresis, funnel-shaped) and drug--matrix interactions through different mechanisms, such as coordination between platinum ions and the Imi group or H-bonds between Cis-Pt amines and silica hydroxyls. It was also observed that by increasing the drug:particle ratio, both LE% and DL% increased; however, with drug:particle ratios \>0.5, LE % was reduced. Therefore, a drug:particle mass ratio of 0.5 was chosen as optimum.

[](#T0002){ref-type="table"}To investigate the Cis-Pt--loading mechanism, experimental data were fitted to various adsorption isotherms: Langmuir ([Figure 5B](#F0005){ref-type="fig"}), Freundlich ([Figure 5C](#F0005){ref-type="fig"}), Temkin ([Figure 5D](#F0005){ref-type="fig"}), and Dubinin--Raduskevich ([Figure 5E](#F0005){ref-type="fig"}). Table 2 presents model parameters and correlation coefficients (*R*^2^) indicating that Freundlich adsorption was the best-fit model for Cis-Pt adsorption on MMSN-Imi (*R*^2^=0.991). The Freundlich *n* parameter was \<1, hence chemical processes might have been involved in drug adsorption.[@CIT0058]Table 2Adsorption isotherm parameters for Cis-Pt and MMSN-ImiLangmuirFreundlichDubinin-RadushkevichTemkinQ~m~ (mg/g)K~L~ (L/g)*R*^2^K~F~ (L/g)N*R*^2^Q~s~ (mg/g)K~D~ (mol^2^/kJ^2^)*R*^2^K~T~ (L/g)B (J/mol)*R*^2^2000.0160.9890.0910.7530.991374.650.00450.930.01113.060.977

Release of Cis-Pt {#S0003-S2010}
-----------------

Cis-Pt--release profiles from MMSN-Imi at pH 5 and 7.4 are summarized in [Figure 6](#F0006){ref-type="fig"} ([Figure 6A](#F0006){ref-type="fig"}, zero-order model; [Figure 6B](#F0006){ref-type="fig"}, first-order model; [Figure 6C](#F0006){ref-type="fig"}, Higuchi model; [Figure 6D](#F0006){ref-type="fig"}, Korsmeyer--Peppas model) It was found that drug release was sustained similarly at both pH values. Moreover, no significant burst release was noticed. These particles showed a sustained release pattern during 148 hours, significantly more prolonged than previous reports.[@CIT0054],[@CIT0056],[@CIT0059] There are several factors explaining "spatially hindered" diffusion of drug molecules in mesoporous materials, such as pore size, attraction to pore walls, pore opening, and the ratio of particle size to pore size.[@CIT0060] It seems that the small pores of MMSN-Imi and possible interaction between Cis-Pt and Imi--functionalized silica surface resulted in sustained drug release. Interestingly, cumulative released Cis-Pt in pH 5 was significantly \>7.4, hence Cis-Pt release was responsive to acidic tumor milieu. Total Cis-Pt released after 148 hours was 77% and 60% at pH 5 and 7.4. This finding is consistent with pH sensitivity of transition-metal coordination with imidazole functional groups.[@CIT0033] To investigate the underlying mechanism of drug release, data were fitted to zero-order, first-order, Higuchi, and Korsmeyer--Peppas models. As shown in [Table 3](#T0003){ref-type="table"}, release data fitted well to the Korsmeyer--Peppas equation, which is generally recognized as a mathematical model describing drug-release mechanism. It was noticed that non-Fickian drug diffusion from the spherical porous silica matrix can be considered the main release mechanism.[@CIT0061]Table 3Release-kinetic parameters and correlation coefficients (*R*^2^) of Cis-Pt-loaded MMSN-Imi for various mathematical modelsRelease medium pHZero-orderFirst-orderHiguchiKorsmeyer--PeppasK^0^*R*^2^Q~inf~*R*^2^K~h~*R*^2^N*R*^2^50.5820.9511.5890.7337.8560.9890.9060.9987.40.4520.9521.6880.7536.1010.9880.7840.995 Figure 6Drug-release profile from Cis-Pt--loaded MMSN-Imi in pH 7.4 and pH 5 according to (**A**) zero-order, (**B**) first-order, (**C**) Higuchi, and (**D**) Korsmeyer--Peppas kinetic models.

Hemolysis Assays {#S0003-S2011}
----------------

Hemolysis assays were used to assess the effect of surface functionalization with the Imi group on lysis of red blood cells before and after incubation with the serum proteins. As shown in [Figure 7A](#F0007){ref-type="fig"}, hemolytic activity increased significantly by increasing nanoparticle concentration and reached 36% in 1,000 μg/mL, significantly lower than hemolytic activity reported for MSNs in the literature.[@CIT0048],[@CIT0062] Interestingly, it was found that serum-protein adsorption on particle surfaces attenuated the hemolytic effect exerted by MMSN-Imi. This could be explained by either surface chemistry (ie, shielding effect of serum proteins on silanol groups residing on the surface of the silica coat), ζ-potential reduction, or size effect. It has been shown that smaller particles produce more hemolytic activity than larger particles, due to the former having more surface area interacting with red blood cells to induce hemolysis.[@CIT0063]Figure 7(**A**) Percentage of hemolysis induced by MMSN-Imi before and after incubation with human-serum proteins. (**B**) Viability of A2780 ovary cancer cells determined by MTT assay after 48 hours\' exposure to different concentrations of Cis-Pt, MMSN-Imi, and MMSN-Imi--Cis-Pt. Data were generated from at least three independent experiments.**Notes:** \**P*≤0.5; \*\**P*≤0.01; \*\*\**P*≤0.001; \*\*\*\**P*≤ 0.0001.**Abbreviations**: NS, not significant; PC, protein corona.

In Vitro Cytotoxicity {#S0003-S2012}
---------------------

To investigate the influences particle loaded Cis-Pt on A2780-cell viability, cancer cells were exposed to free unloaded Cis-Pt and drug-loaded MMSN-Imi for 48 hours. MTT assays revealed that Cis-Pt--loaded particles had a concentration-dependent suppressive effect on the growth of cancer cells ([Figure 7B](#F0007){ref-type="fig"}) that was comparable to free Cis-Pt. IC~50~ values were calculated: 1.19 and 1.23 μM for free Cis-Pt and Cis-Pt--loaded MMSN-Imi, respectively, consistent with other reports on A2780 cells.[@CIT0064]--[@CIT0066] Interestingly, unloaded particles showed only minor cytotoxicity, even in high concentrations, confirming that drug release from MMSN-Imi resulted in significant cytotoxicity in vitro.

AO--PI Double-Staining and Fluorescence Microscopy {#S0003-S2013}
--------------------------------------------------

Following exposure to either Cis-Pt or MMSN-Imi Cis-Pt for 48 hours, A2780 cells were dual-stained by AO--PI, which confirms membrane-permeability changes typical of apoptosis.[@CIT0067] Late-stage apoptotic cells with concentrated and asymmetric localization of orange fluorescence were similarly detected for Cis-Pt and Cis-Pt--loaded MMSN-Imi, whereas no significant apoptosis was detected in the negative-control group. As shown in [Figure 8](#F0008){ref-type="fig"}, more necrotic cells with increased volume and uneven fluorescence at their periphery were noticed for Cis-Pt--loaded MMSN-Imi, as similarly reported in the literature.[@CIT0068]Figure 8Fluorescent images of AO--PI dual-stained A2780 ovary cancer cells treated with either free Cis-Pt or MMSN-Imi--Cis-Pt versus untreated control cells.

T~1~ and T~2~ Relaxivity {#S0003-S2014}
------------------------

Under magnetic fields, magnetic nanoparticles as MRI-contrast agents produce a magnetic dipole moment that influences water molecules around the nanoparticles.[@CIT0069] Water-molecule protons in the area of magnetic field gradients created by magnetic nanoparticles can experience spin dephasing. Consequently, relaxation time is reduced by an outer-sphere mechanism that causes reduced signal intensity on T~2~-weighted images.[@CIT0070] As shown in [Figure 9A](#F0009){ref-type="fig"}, by increasing Fe concentrations, T~2~-weighted images of MMSN-Imi became distinctly darker, indicating that MMSN-Imi can act as an MRI-contrast agent on T~2~-weighted images. No substantial change was observed for T~1~-weighted images. T~1~ and T~2~ relaxivity of MMSN-Imi were determined to be 5.89 and 144.88 m/Mᐧs^−1^ ([Figure 9, B](#F0009){ref-type="fig"} and [C](#F0009){ref-type="fig"}, respectively); therefore, the r~2~:r~1~ ratio was calculated as 24.59, consistent with other reports on F~3~O~4~-coated nanoparticles.[@CIT0071],[@CIT0072]Figure 9T~1~ and T~2~-weighted MR images of MMSN-Imi (**A**), linear fitting of 1/T~1~ (**B**), and 1/T~2~ values (**C**) at different Fe concentrations.

Conclusion {#S0004}
==========

A novel theranostic platform was developed based on an Imi-functionalized magnetic mesoporous nanocarrier for Cis-Pt delivery. These particles provided unique advantages, such as high magnetism saturation (53 emu/g), high drug loading (\~30% w:), and sustained and pH-triggered release of Cis-Pt without any burst, and are suitable for drug-targeting purposes. They also exhibited favorable hemocompatibility following exposure to red blood cells. Moreover, high transverse relaxivity (144.88 m/M s^−1^) related to MMSN-Imi can be applied in MRI. In addition, the cell-viability experiments revealed that these hybrid nanoparticles (MMSN-Imi) were atoxic, yet showed specific anticancer effects if loaded with Cis-Pt (IC~50~=1.23 μM). Therefore, this carrier can be suggested for in vivo investigations.
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